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Abstract 
 
Previous studies demonstrated that significantly cracked beams can be repaired by bonding 
steel plates, however, there is a lack of comprehensive information about the effect of the 
width-to-thickness ratio of steel plates on repaired composite beams, and the use of thicker 
plates to repair failed RC beams. This paper presents an assessment of the performance of pre-
cracked reinforced concrete beams repaired with adhesive bonded steel plates, of varying 
width-to-thickness ratio, at the soffit. A total number of 12 beams were tested under a two-
point static loading. Group 1 consisted of two control specimens, Group 2 comprised of five 
beams that were pre-cracked to 60% (serviceability load), and Group 3 consisted of another 
five beams that were pre-cracked to 85% of the ultimate load. Subsequently, the pre-cracked 
beams were repaired by bonding steel plates of 6 mm thickness and 75 – 175 mm widths, which 
varied in increments of 25 mm. Externally bonding steel plates to pre-cracked reinforced 
concrete beams increased their load capacities by more than 100%, compared to the control 
beams. Except for specimen PB60-175, there is generally increase in the capacity of the 
repaired beams with increase in the width-to-thickness ratio of the steel plates. Beams that were 
pre-cracked at a lower load level (serviceability load) reached higher strengths than the beams 
that were pre-cracked at a higher load level (85% of the ultimate load capacity). In all tested 
beams, the experimental moment of resistance did not reach the code-predicted moment of 
resistance, calculated using EN 1992-1-1. 
 
Keywords: Flexural strength, pre-cracked reinforced concrete beams, repairing, steel plates, 
width-to-thickness ratio, de-bonding  
  
1.0 Introduction  
 
External steel plating is a convenient method for restoring and improving the flexural capacities 
of reinforced concrete (RC) beams, compared with other repair methods, due to the wide 
availability of the mild steel, ease of application, low prices of the materials used in the process, 
and limited disruptions to the use of the structure [1]. Despite the fact that fibre reinforced 
polymers (FRP) plates are now preferred in other parts of the world, because of their superior 
strength-to-weight ratio and corrosion resistance, they are very expensive and not readily 
available in South Africa, and the rest of Africa [2]. Excluding import costs, the cost of FRP 
can be 10 times as much as that of steel plates [3, 4]. The use of FRP also poses the increased 
possibility of brittle failure modes, which are undesirable in a structure. Low carbon steel has 
ductile stress-strain properties and high deformation capacities, which contribute to the overall 
ductility of the externally plated beam. In addition, the employment of epoxy glues in this 
technique is a convenient method of bonding the steel to the concrete. Epoxy glues have 
practically zero shrinkage properties at hardening [5]. The technique for repairing RC members 
with epoxy bonded steel plates has been extensively carried out by many researchers, since the 
pioneering work Fleming and King in South Africa [6] and L’Hermite and Bresson in France 
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[7]. Since then many studies have been conducted to fully understand the structural behaviour 
of pre-cracked RC beams, externally bonded by steel plates on their soffit [8-11].  
 
In a wider investigation, Swamy et al. [8] tested four RC beams of 155x 255x2500 mm in size; 
two (Beam 222 and 224) were pre-cracked up to 50% and one (Beam 223) was pre-cracked up 
to 90% of the ultimate load before they were unloaded and bonded with steel plates, and one 
(Beam 201) was used as a control specimen. Due to the increased stiffness provided by the 
bonded steel plate, all repaired beams showed a marginal increase in first crack and ultimate 
load, which varied from 8 – 16% when compared to the control beam. Repaired beams with a 
plate of width-to-thickness ratio of 83.3 failed in flexure by combined yielding of the tensile 
bars and plate reinforcement, followed by crushing of the concrete in the compression zone, 
whereas beams with width-to-thickness ratio of 41.7 failed by a combination of flexure and 
shear. This study showed that beam action and composite behaviour can be preserved until 
failure if appropriate width-to-thickness ratio of steel and thickness of epoxy glue are chosen, 
and adequate precautions are observed in the gluing technique. In an similar study, Swamy et 
al. [9] tested 4, 155x255x2500 mm beams of 50MPa concrete strength, and reinforced with 3, 
20mm diameter bars (fy = 430MPa), at an effective depth of 220 mm, to determine the effect 
of strengthening damaged RC beams. One of the beams was used as a control beam and the 
other beams were pre-cracked to 30%, 50% and 70% of the experimental maximum load of the 
control beam, unloaded completely and plated on the tension face with 1.5 mm thick steel 
plates of 245 MPa yield strength. All plated beams failed by flexural crushing of the concrete, 
in the constant moment region, after yielding of the reinforcement bars and steel plate, 
validating the fact that epoxy resin adhesives can ensure full composite action of structurally 
damaged RC beams strengthened by bonded steel plates.  
 
As part of an investigation on different repairing methods of cracked reinforced members, 
Basunbul et al. [10] conducted a study on 9, 150x150x1250 mm RC beams, subjected to 
different levels of cracking, and repaired with 1.5x100x1100 mm bonded steel plates. Two 
groups of three beams each, were subjected to pre-loading levels of 85% and 90% of the 
ultimate load, before being repaired, whilst the remaining three beams were tested to the 
ultimate load of the control beam, and then repaired. Both beams were bonded with 
1.5x100x1100 mm steel plates of 450 yield strength. Beams that were repaired after pre-loading 
to 85% and 90% of the ultimate load exhibited a 29% increase in the ultimate load, while beams 
repaired after ultimate damage exhibited a 22% increase in the ultimate load. Failure of the 
beams was sudden due to de-bonding of the plate and shear failure at the support. Repaired 
beams also showed very high reductions in the ultimate deflection of about 85%, regardless of 
the amount of damage the beam experienced before repair, and substantial decreases in 
ductility. Hussain et al. [11] repaired 4, 150x150x1250mm beams that were pre-loaded to 85% 
of the ultimate load of the control beams (equivalent to 10mm central deflection), by bonding 
steel plates of varying thickness (1.0, 1.5, 2.0, 3.0mm), and constant width and length of 
100mm and 1100mm, respectively, to the tension face. The study also confirmed that pre-
cracked beams can be repaired effectively by bonding the steel plates, provided that suitable 
dimensions of the steel plates are selected. Pure flexure failure was only attained in a beam 
with a steel plate of 100 width-to-thickness ratio. In addition, the results showed that, as the 
thickness of the plate and the gross reinforcement increases, there is a sudden drop in ductility, 
which causes the failure mode to change from a ductile mode to a premature brittle shear type 
failure. This suggests that there is an optimal plate thickness that maximises the strength of 
repaired beams. As with other authors, the ductility decreased significantly, from a modulus of 
toughness of 954kNmm for the control beam to 102kNmm for the beam with 33.33 width-to-
thickness ratio.    
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The brief review above clearly shows that although earlier studies demonstrates that 
significantly cracked beams can be repaired by bonding steel plates and that in some cases 
these beams can be restored to stiffness and strength values superior to those of the original un-
plated beams there is a lack of information about the effect of the width-to-thickness ratio of 
steel plates on repaired composite beams. Further, previous authors focused on small 
thicknesses of steel only. Although the steel plates were able to promote ductility, and restore 
the integrity of the tested elements, they could not enhance the strength of the elements 
significantly. The main objective of this paper is to investigate the use of thicker plates to repair 
failed RC beams because substantially larger capacities might be required in repaired beams 
and slabs.  
 
2.0 EXPERIMENTAL PROGRAMME 
 
2.1 Material properties 
 
The code-predicted analysis of beams depends on the material properties of the reinforcement 
bars, steel plates and concrete. It is therefore important that these material properties are 
established first in order to permit a comparison between the experimental and code-predicted 
results. Two types of steel reinforcement bars were used, namely, high yield ribbed bars for the 
longitudinal beam reinforcement, and plain mild steel bars for the shear reinforcement. The 
reinforcing steel bar samples were cut into lengths of 250 mm and were tested in their original 
dimensions. Mild steel plates of 6 mm thickness were used to repair the pre-cracked RC beams.  
 
The material properties of the steel plates were established from three coupons for each section 
supplied by the manufacturer. Each coupon was turned into a standard size using a lathe 
machine. After the preparation of the steel coupons and reinforcement bars, a 100kN capacity 
1195 Instron machine was used to determine the tensile load of the specimens, at a rate of 3 
mm/min, in accordance with SANS 6892-1 [12] and SANS 5863 [13], respectively. The axial 
elongation of the coupons was measured using an extensometer. The yield stress (fy), ultimate 
stress (fu), yield strain (εy), ultimate strain (εu) and Young’s modulus of elasticity (E) of the 
reinforcement bars (R6, Y8 and Y12) and the steel plate samples (SP6) are given in Table 1. 
Since the point of yielding of some steel specimens was difficult to define, the yield stress for 
all specimens used in this experiment was determined using 0.2 % proof stress.  
 
The beam specimens were cast from normal ready-mixed concrete, donated by Afrisam, with 
an average 28-day compressive strength of 30 MPa. This is the most common grade of concrete 
used in the South African construction [14]. During the casting process, a total of 5 cubes of 
100x100x100mm in size were cast. The concrete was poured into the cubes in 3 layers and 
each layer was tamped 25 times using a tamping rod. The following day, all the cubes were de-
moulded, and cured at room temperature inside a curing bath. After 28 days, the cubes were 
tested according to the rules provided in SANS 5863 [13] to give an average concrete 
compressive strength of 31 MPa. The equivalent cylinder compressive strength (fck) is 
24.8MPa.  
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Table 1: Summary of reinforcement bars and steel plates properties 
Specimens Tests fy (MPa) εy (%) fu (MPa) εu (%) E (GPa) 
R6 
Test 1 380.95 0.425 421.46 13.31 202.30 
Test 2 380.60 0.406 428.60 16.06 200.80 
Average 380.78 0.416 425.03 14.68 201.50 
Y8 
Test 1 353.64 0.431 386.14 3.96 201.00 
Test 2 356.32 0.418 387.83 5.52 200.00 
Average 354.98 0.425 386.98 4.74 200.50 
Y12 
 
Test 1 442.80 0.468 596.97 20.24 200.30 
Test 2 450.38 0.437 596.00 17.83 200.50 
Average 446.59 0.453 596.53 19.04 200.40 
SP6 
Test 1 398.63 0.418 529.45 18.03 201.40 
Test 2 397.52 0.407 528.10 18.94 204.00 
Test 3 398.68 0.408 529.31 18.93 203.50 
Average 398.28 0.411 528.95 18.64 203.00 
 
2.2 Details of test beams 
 
The main experimental programme comprised of casting 12, 175x300x3200 under-RC beams. 
Two (2), 12mm compression and two (2), 8 mm tension high yield reinforcement bars were 
provided in the beams. Shear resistance was provided by 6 mm links, at a spacing of 150mm, 
and a 25 mm concrete cover was prescribed for all the beams. Figure 1 shows the longitudinal 
and cross section of the control beam. The concrete was placed in the formwork, in two layers, 
using a chute, and compacted thoroughly using a 25 mm needle poker vibrator, to eliminate air 
pockets. Sufficient care was taken to avoid the displacement of the reinforcement cage inside 
the form work. Once the moulds were full, the surface of the concrete was levelled, finished 
and smoothened using a wooden float and a metal trowel. As soon as the casting process was 
complete, the concrete was covered with polythene sheets to prevent its exposure to hot 
atmosphere and drying winds. The beams were cured for 28 days by spraying them with water, 
twice a day, and covering them with polythene plastic sheet. After 28 days, the polythene sheets 
were removed and the formwork was stripped from the concrete.  
 
 Figure 1: Longitudinal and cross section of the control beam  
 
2.3 Instrumentation and tests for unrepaired beams 
 
Since the objective of the study was to investigate the effectiveness of bonding steel plates to 
structurally cracked members, five beams were pre-cracked up to 60% (serviceability load) of 
the flexural capacity of the control beams, and another five beams were pre-cracked up to 85% 
of the maximum capacity of the control beams. Pre-cracked beams at 60% consists of PB60-
75, PB60-100, PB60-125, PB60-150 and PB60-175 specimens, while pre-cracked beams at 
85% comprises of PB85-75, PB85-100, PB85-125, PB85-150, and PB85-175 specimens. The 
specimen identification, PB60 and PB85, refer to Pre-cracked Beams at 60% and Pre-cracked 
Beams at 85%, respectively, followed by the width of the steel plate. In addition, two unplated 
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beams were tested to failure. These are referred to as Control Beam 1 (CB1) and Control Beam 
2 (CB2) in this study. The beams were instrumented with two concrete strain gauges mounted 
at the mid-point of the beams, at 50 mm below the compression surface and 50 mm above the 
tension surface, to determine the strain distribution and the neutral axis depth. A linear variable 
displacement transducer (LVDT) was positioned at the mid-point of each beam in order to 
measure the vertical deflection. Both the strain gauge and LVDT outputs were recorded 
automatically using a data logger and computer, at each load increment as the tests were 
performed. The beams were simply supported and tested under a two point static loading 
system using a load spreader, to simulate a distributed load, as shown in Figure 2. The tests 
were carried out using an Instron testing machine with an actuator capacity of 500 kN, at a 
deflection rate of 2 mm/min to ensure that sufficient data was collected.  
 
  
Figure 2: Test set-up 
 
2.4 Repair of beams 
 
After the beams were pre-cracked, they were unloaded and repaired with steel plates of 
different widths on the tension face of the beam using epoxy adhesives. The cement laitance 
on the soffits of the concrete beams was removed using a scabbling machine, in order to expose 
the aggregates, and hence provide a good bonding surface for the epoxy resins. As shown in 
Figure 3, the resultant concrete surface is characterised by a uniform abraded surface with small 
to medium sizes pieces of aggregates. The mild steel plates were sand-blasted to obtain a clean, 
rough, white metal finish with a 100-140 micron blast profile. In order to vary the width-to-
thickness ratio, the width of the steel plates ranged from 75 mm to 175 mm, in increments of 
25 mm. The thickness and length of the steel plates were kept constant at 6 mm and 2 900 mm, 
respectively. This resulted in a gap between the end of the plate and support of 50 mm. After 
sand-blasting, the plates were stored in a clean environment and wrapped with plastic sheets 
before the bonding process to avoid dust or any contaminant that might affect the bond strength.  
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(a) Scabbling process               (b) Scabbled beam 
 
Figure 3: Surface preparation of concrete beams 
 
The epoxy resin selected for this investigation consists of two parts, a primer adhesive (Pro-
Struct 618LV) and an epoxy adhesive (Pro-Struct 617NS). It has excellent bonding properties 
between steel and concrete, shrinkage at hardening is practically zero, and is chemically inert 
in basic and acid environment [5]. The primer adhesive is a two part product made of Pro-
Struct 618LV base and Pro-Struct 618LV activator component, which were mixed thoroughly 
for about 3 to 5 minutes, in a ratio of 2:1, as recommended by the manufacturer. Before 
applying the epoxy-based primer on the concrete, high-compressed air was used to remove the 
remaining fine concrete particles and all dust from the concrete surface. The epoxy-based 
primer was applied to the cleaned concrete surface using a brush, and allowed to penetrate 
through the small holes and thin hairline cracks, thus providing a surface ready for the 
application of epoxy resin (Pro-Struct 617NS). The primer provides excellent adhesion and 
penetration to the concrete surface due to its low viscosity.  
 
The epoxy adhesive, which is also a two part product of Pro-Struct 617NS base and Pro-Struct 
617NS activator, were mixed thoroughly for 5-10 minutes, in a ratio of 1:1, until a uniform 
grey colour was achieved. Before applying the epoxy glue, the steel plate was cleaned 
thoroughly, using methanol. A glue layer thickness of 1.5 mm was chosen for the experiment 
as it has been proven to perform well [8-11, 15]. The glue layer thickness was controlled 
carefully by small crushed perspex glasses of 1.5 mm thickness, which were glued across the 
entire length of the prepared steel plate, using super glue. The idea of using perspex glass was 
developed from tests done by Olajumoke and Dundu [15] at the University of Johannesburg. 
The mechanical and adhesion properties of the epoxy are summarised in Table 2. Finally, the 
steel plate was pressed on the scabbled surface, using 700x700x200mm rectangular concrete 
slabs, and cured for a period of 7 days, as specified by the manufacture, to ensure an effective 
bond. 
 
Table 2: Material properties of epoxy adhesives 
Type of adhesive Epoxy(Pro-Struct 617NS) Primer(Pro-Struct 618LV) 
Colour Grey Clear amber 
Shear bond strength (MPa) >14 >14 
Compressive strength (MPa) After 24 hours>60 MPa, After 3 days>75 MPa >73 MPa 
Modulus (MPa) >1500  >1500  
Tensile strength (MPa) >55  >55  
Application temperature 4? to 35? 4? to 35? 
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2.5 Instrumentation and tests for repaired beams 
 
After seven days of curing, at room temperature, the repaired beams were instrumented and 
tested in a similar way to the unrepaired beams. Electrical strain gauges were provided to 
measure the strain at the mid-point of the bonded steel plate. The experimental set-up and test 
procedure, as well as the collection of data was the same as that for the unrepaired beams. The 
test for each beam was stopped once the load showed a dramatic drop. 
 
3.0 Experimental and code-predicted results 
 
The experimental results are presented and discussed under the following sections: theoretical 
and experimental maximum capacity of the beams, moment-deflection curves, moment-strain 
relationships and failure modes. 
 
3.1 Failure modes 
 
During the experiments, the control beams, CB1 and CB2, failed by flexural yielding. The first 
cracks of the control beams were formed around the mid-span of the beams between the point 
loads or region of constant moment [2]. The cracks widened as the loading was increased. 
Ultimately, the beams failed by yielding of the tensile steel reinforcement and crushing of the 
concrete in the compression zone, as shown in Figure 14. 
 
  
Figure 14: Flexural yielding failure of the control beam 
 
All repaired beams demonstrated brittle failure behaviour, which was characterised by the loss 
of composite action, caused by debonding of the bonded external steel plate. Two modes of 
failure were observed in the repaired beams, namely; plate-end debonding and delamination. 
Small diagonal shear cracks were observed just before plate-end debonding occurred, due to 
interfacial shear and normal stresses at the plate-end curtailment [17]. As the beam curved 
under load, the plate tried to remain straight, which caused debonding cracks to start at the 
plate end. These cracks caused the end of the plate to separate from the concrete, as shown in 
Figures 15(a) and (b). As the plate separation propagated towards the mid-span, it transformed 
into shear diagonal cracks, which extended towards the loading point, at approximately 40˚. 
One way of preventing end-plate debonding is to terminate the plate close to a point of 
contraflexure in continuous beams so that stress resultants induced by the curvature of the beam 
adjacent to the plate end (longitudinal force and moment in the plate) tend to zero [18]. In 
simply supported beams used in this experiment, steel plates were terminated close to the 
support, at an end distance of 50 mm, which is almost equivalent to the point of contraflexure. 
This distance should be kept as small as possible.  
8 
 
 
Delamination is illustrated in Figure 16, where the concrete cover was separated along the 
reinforcing bars. This failure demonstrates the existence of a strong bond between the concrete 
and the steel plate [19]. Similar to end-plate debonding, delamination started as a small 
diagonal crack at the plate end curtailment as a result of a change in stresses between the steel 
plate and concrete. The crack extended to the tensile reinforcement due to the larger stiffness 
of the steel plate, compared to the concrete. As the load was increased, the crack propagated 
along the reinforcing bars towards the mid-span. Since the shear and bending stresses are high 
at the loading point, this forced the crack to change direction and to propagate at about 40˚ 
towards this point. After complete delamination, the load dropped to a level equivalent to or 
slightly above that of the control beams (Figures 8 and 9). Delamination occurs if the adhesive 
bond between the plate and the concrete is greater than the tensile strength of the concrete to 
ensure that the failure zone remains in the concrete.  
 
     
(a) PED for PB60-100                                      (b) PED for PB85-125                   
 
Figure 15: Plate-end debonding of Group 2 and 3 repaired beams 
 
  
(a) Delamination (PB60-150)   (b) Delamination (PB85-175) 
 
Figure 16: Delamination for repaired Group 1 and 2 beams 
 
Some of the Group 2 beams (PB60-75 and PB60-125) failed by the combination of plate-end 
debonding and delamination, as shown in Figure 17. Table 3 shows that beams with a smaller 
width-to-thickness ratio failed by plate-end debonding and those with a larger width-to-
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thickness ratio failed by delamination. This means that the mode of failure is dependent on the 
amount of external reinforcement used. Maintaining composite action is essential to the 
satisfactory performance of the plate-bonded beams. The bond stress at the plate, glue and 
concrete interfaces should be sufficiently low so that neither peeling nor tearing of the plate 
occurs under high loads. These bond stresses are influenced by the width-to-thickness ratio of 
the steel plate [1].  
 
  
Figure 17: Combination of plate-end debonding and delamination (PB60-75) 
 
3.2 Experimental maximum capacity of the beams 
 
The experimental and code-predicted results of the control and repaired beams are given in 
Table 3. In this table, Mep is the experimental pre-cracking moment of the repaired beams 
(approximately 60% and 85% of the maximum capacity of the control beam, for Group 2 and 
Group 3 beams, respectively), Memaxc/r is the maximum experimental moment of the 
control/repaired beam, Mtmaxc/r is the maximum theoretical moment of resistance, δemaxc/r is the 
experimental maximum deflection at failure of the control/repaired beam. The serviceability 
load of the RC was taken as 60% of the ultimate load, as proposed by Basunbul et al. [10]. 
Table 3 also compares the experimental pre-cracking moment of the repaired beams to the 
maximum experimental moment of the repaired beam (Mep/Memaxr), the experimental 
maximum deflection of the repaired beam to the experimental maximum deflection of the 
control beam (δemaxr/δemaxc), the maximum experimental moment of the repaired beam to the 
maximum experimental moment of the control beam (Memaxr/Memaxc) and the maximum 
experimental moment of the control/repaired beam to the code-predicted moment of resistance 
of the control/repaired beam (Memaxc/r/Mtmaxc/r). During testing of Group 2 unrepaired beams, 
the hydraulic actuator of the Instron malfunctioned and the machine stopped applying the load. 
This problem affected beam PB60-175. The ramifications of this can be seen in Table 3 where 
the maximum capacity of beam PB60-150 is higher than that of beam PB60-175, although the 
width-to-thickness ratio of the steel plate of the latter is larger. Beam PB60-175 experienced 
huge deflection during the pre-cracking stage, but the load did not increase as expected. 
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Table 3: Experimental and theoretical results 
Group Specimen w/t Mep 
(kNm) 
Memaxc/r 
(kNm) 
Mtmaxc/r 
(kNm) 
δemaxc/r 
(kNm) 
Mep 
Memaxr 
Memaxr 
Memaxc 
Memaxc/r 
Mtmaxc/r 
δemaxr 
δemaxc 
FM 
Group 1 CB1 - - 31.03 25.47 12.79 - - 1.22 - FY 
CB2 - - 31.61 25.47 12.49 - - 1.24 - FY 
Group 2 PB60-75 12.50 19.47 68.07 70.61 10.58 0.29 2.17 0.96 0.84 PED 
PB60-100 16.67 20.00 77.55 83.75 9.92 0.26 2.48 0.93 0.78 PED 
PB60-125 20.83 19.78 79.07 95.94 9.32 0.25 2.52 0.82 0.74 PED 
PB60-150 25.00 12.21 79.13 107.17 8.97 0.15 2.53 0.74 0.71 D 
PB60-175 29.17 14.41 71.86 117.46 8.39 0.20 2.28 0.61 0.66 D 
Group 3 PB85-75 12.50 26.68 65.24 70.61 9.80 0.41 2.08 0.92 0.78 PED+ D 
PB85-100 16.67 25.92 73.86 83.75 9.61 0.35 2.36 0.88 0.76 PED 
PB85-125 20.83 26.49 77.55 95.94 11.74 0.34 2.48 0.81 0.93 PED +D 
PB85-150 25.00 26.13 77.74 107.17 9.52 0.34 2.48 0.73 0.75 D 
PB85-175 29.17 25.99 78.04 117.46 7.83 0.33 2.49 0.66 0.62 D 
FM - Failure mode; Flexural yielding; PED - Plate-end debonding; D - Delamination 
 
The experimental moment capacities for the control beams, CB1 and CB2, are 31.03kNm and 
31.61kNm, respectively. An average moment capacity of these beams of 31.32kNm was used 
to define the moment capacities for the two control beams. The repaired beams were able to 
achieve load capacities that were more than twice that of the control beams. Group 2 beams, 
PB60-75, PB60-100, PB60-125, PB60-150 and PB60-175, achieved a 117%, 148%, 152%, 
153% and 128% increase in load capacity, respectively, whilst Group 3 beams, PB85-75, 
PB85-100, PB85-125, PB85-150 and PB85-175, attained a 108%, 136%, 148%, 149% and 
150% increase in load capacity, respectively, when compared to the control beams. Except for 
specimen PB60-175, there was a general increase in the capacity of both Group 2 and 3 beams 
with an increase in the width-to-thickness ratios of the steel plates. It is evident from Table 3 
that the beams that were pre-cracked at a lower load level of 60% (serviceability load) reached 
higher strengths than beams that were pre-cracked up to 85% of the ultimate load of the control 
beams. Although Group 3 beams were pre-cracked close to ultimate load, plating not only 
restored the beam’s original capacity, but doubled it.  
 
The relationships between the moment capacity of the repaired beams and the width-to-
thickness ratio are shown in Figures 4 to 6. Figure 4 shows that the ratio of the experimental 
pre-cracking moment of the repaired beams to the maximum experimental moment of the 
repaired beam (Mep/Memaxr) decreases as the plate width-to-thickness ratio increases. Since the 
moment capacities of the beams for each pre-cracking load level are almost the same, this 
suggests that the ratio of Mep/Memaxr was only influenced by the maximum capacity of the plated 
beams, which increased with an increase in the width-to-thickness ratio of the plates. This ratio 
is lower for Group 2 repaired beams since they were pre-cracked at lower loads, and thus were 
able to resist larger experimental loads. It is also noted that the graph for Group 3 beams is 
flatter than the graph for Group 2 beams. This was probably caused by early debonding of the 
plate in this group.        
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 Figure 4: Mep/Memaxr vs w/t ratio of plates 
 
In Figure 5, both graphs of Groups 2 and 3 beams increased gradually from a width-to-
thickness ratio of 12.5 to a peak of about Memaxr/Memaxc = 2.58 for Group 2 beams and a peak 
of Memaxr/Memaxc = 2.55 for Group 3 beams. After that, the graphs started decreasing gradually. 
This shows that there exists a limit in the width-to-thickness ratio of steel plates for which the 
load can increase. For the same width-to-thickness ratio, Group 2 repaired beams (pre-cracked 
at lower load) exhibited greater maximum moment capacity as compared to Group 3 repaired 
beams (pre-cracked at higher load) in the first phase of the graphs, however, in the second 
phase of the graphs Group 2 sheds the strengths much faster than Group 3 beams. This 
behaviour was influenced by the stoppage of the Instron midway through the tests PB60-150 
and PB60-175. 
 
 Figure 5: (Memaxr/Memaxc) vs w/t ratio of plates 
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 Figure 6: Memaxr/Mtmaxc vs w/t ratio of plates 
 
The expected maximum theoretical moments of resistance of the beams were calculated using 
EN 1992-1-1[20] by assuming a rectangular stress distribution. Bending of the repaired beams 
induces a tensile force stF  in the reinforcement steel, a tensile force spF in the steel plate, and 
a resultant compressive force ccF  which acts through the centroid of the effective area of the 
concrete in compression, as shown in Figure 7. The depth of the effective compression zone of 
the concrete for the control beams was calculated from the equilibrium of the compression 
force of the concrete ccF and tension force of the reinforcement steel to give    bffAs ckystc 85.0 . Likewise, the depth of the effective compression zone of the concrete 
for the repaired beams was calculated from the equilibrium of the compression force of the 
concrete ccF and tension forces of the reinforcement steel and steel plate ( stF  and spF ) to give  bffAfAs ckypspystr 85.0)(  . Subsequently, the corresponding maximum moment capacity 
was then determined by taking moments about the centroid of the concrete in compression, to 
give Equations 1 and 2,  
 
zFM st                                                         (1) 
'zFzFM spst                                                     (2) 
 
where, z  is the distance between the line of action of compressive force due to concrete and 
the centre of the tension reinforcement and 'z  is the distance between the line of action of a 
compressive force due to concrete and the centre of the external steel plate. 
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(a) Cross-section with steel plate              (b) Strain                                 (c) Stress 
 
Figure 7: Rectangular stress distribution for repaired beams 
 
Table 3 shows that the control beams, CB1 and CB2, were able to reach their full predicted 
flexural capacity since the ratio of the experimental maximum moment to the code-predicted 
moment of resistance of the control beam (Memaxc/Mtmaxc) was more than unity. However, 
Group 2 and Group 3 beams did not reach the code-predicted flexural capacity as they all failed 
prematurely by debonding of the bonded steel plate. This means that full composite action was 
not achieved at the maximum level of loading. Figure 6 shows that the ratio (Memaxr/Mtmaxr) 
decreased as the width-to-thickness ratio increased, implying that debonding was more 
dominant in the beams with larger width-to-thickness ratios. Some inelastic behaviour was 
found in beams repaired with steel plates of smaller width-to-thickness ratios, such as PB60-
75, PB60-100 and PB85-75. Such beams had a ratio of experimental moment of resistance to 
the code-predicted moment of resistance (Memaxc/r/ Mtmaxc/r) of just less than 1.0.  
 
3.3 Moment-deflection relationships 
 
Table 3 shows that the repaired beams deflected less, compared to the control beams. The 
maximum experimental mid-span deflections for Group 2 beams (PB60-75 to PB60-175) were 
found to be 16% to 34% less than those of the control specimens, respectively. Excluding beam 
PB85-125, the maximum experimental mid-span deflections for Group 3 beams (PB85-75 to 
PB85-175) ranged from 22% to 38% less than that of the control specimens. In general, Group 
2 beams experienced slightly higher mid-span deflections when compared to Group 3 beams. 
Except for beam PB85-125, the mid-span deflection for beams in both groups decrease as the 
width-to-thickness ratio of the steel plate increases.   
 
The moment-deflection relationships of the beams tested are given in Figures 8 and 9. In both 
figures, the control beams show stiffnesses that are similar to the repaired beams, which were 
maintained up to a moment of 28kNm. After this moment, the control beams experienced a 
significant drop in stiffness. The horizontal relationship experienced by the control beams at 
maximum is evidence that the internal reinforcement yielded. As for the repaired beams, 
remarkable high stiffness was provided by the externally bonded steel plates up to the 
maximum load. Failure of Group 2 and Group 3 beams was sudden as illustrated in Figure 8 
and Figure 9. It is evident from the two figures that beams repaired with plates of smaller width-
to-thickness ratios exhibited less stiffness, compared to those of larger width-to-thickness 
ratios. Group 3 repaired beams had larger stiffnesses as compared to Group 2 repaired beams. 
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 Figure 8: Moment-deflection curves of control and Group 2 repaired beams 
 
 Figure 9: Moment-deflection curves of control and Group 3 repaired beams 
 
3.4 Moment-Steel strain relationships 
 
To monitor the deformation of the bonded steel plate in the repaired RC beams, steel plate 
strains were measured at the mid-span of each test. Figures 10 and 11 show that the steel plate 
strain responses were elastic. None of the bonded steel plates reached the yield point and no 
strain hardening was observed. It is also clear from these figures that, when a steel plate of a 
larger width-to-thickness is used, the ultimate strain decreases. These results show that beams 
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that are bonded with large widths of steel plates are prone to fail prematurely before the beam 
reaches its maximum capacity. Group 3 strains are almost the same as Group 2 strains.  
 
 Figure 10: Moment-strain curves of Group 2 repaired beams 
 
 Figure 11: Moment-strain curves of Group 3 repaired beams 
 
3.5 Beam depth-strains relationships  
 
The positions of the neutral axes of the control and pre-cracked beams, in Figures 12 and 13, 
confirms that the beams were under-reinforced, and as expected they are almost at the same 
level. This is the most desirable situation as the beams fail by flexural yielding of the tension 
steel, and happens when the actual neutral axis of the section lies above the critical neutral axis 
of the section [2]. Both beams deformed to a greater extent than repaired beams.  As evidence 
that the repaired beams are stiffer than the control beams, the neutral axes of the repaired beams 
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are located at a lower level than control beams. It is noted from both figures that as the width-
to-thickness ratios of the steel plates increased the neutral axes shifted downwards, and the 
strains on the tension side decreased. In beams PB60-150, PB85-125, PB85-150, PB85-175, 
the larger width-to-thickness ratios of the steel plates caused the actual neutral axis to move 
below the critical neutral axis. Figures 12 and 13 also illustrates that the steel plate deformed 
much more than the concrete.  
 
Figure 12: Strains along the depth of Group 2 beams 
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Figure 13: Strains along the depth of Group 3 beams 
 
4.0 Conclusions 
 
1) The repaired beams were able to achieve load capacities that are more than twice those of 
the control beams. Group 2 and 3 repaired beams achieved 117% to 153%, and 108% to 
150% increase in load capacity, respectively, when compared to the control beams.  Except 
for specimen PB60-175, there is generally increase in the capacity of the repaired beams 
with increase in the width-to-thickness ratio of the steel plates. Beams that were pre-
cracked at a lower load level (serviceability load) reached higher strengths than the beams 
that were pre-cracked at a higher load level (85% of the ultimate load capacity). 
2) A plot of the ratios of the maximum experimental moment of the repaired beams to the 
maximum experimental moment of the control beams versus the width-to-thickness ratios 
of the plates illustrate that there is a limit in the width-to-thickness ratio of the steel plate 
for which the load can increase. 
3) For all repaired beams, the ratio of the experimental maximum moment to the theoretical 
maximum moment decreased as the width-to-thickness ratio of the steel plate increased, 
implying that debonding was more dominant in the beams with larger width-to-thickness 
ratios. Some inelastic behaviour was found in the repaired beams with steel plates of 
smaller width-to-thickness ratios, such as PB60-75, PB60-100 and PB85-75. Such beams 
had a ratio of experimental moment of resistance to the code-predicted moment of 
resistance of just less than 1.0. 
4) The repaired beams exhibited higher stiffnesses when compared to the control beams due 
to the increase in rigidity provided by the external bonded steel plate. The rigidity of the 
repaired beams increased with increase in the width-to-thickness ratio of the steel plates. 
The use of external reinforcement reduced the maximum deflections of Group 2 beams 
(PB60-75 to PB60-175) by 16% to 34%, and Group 3 beams (PB85-75 to PB85-175) by 
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22% to 38%, compared to control specimens. The bonded external plates contributed more 
to the increase in strength than to the reduction in deflection. 
5) The beams repaired with steel plates of larger width-to-thickness ratios strained less as 
compared to the beams with steel plates of lower width-to-thickness ratios. This showed 
that beams that are bonded with large widths of steel plates are prone to fail prematurely 
before the beam reaches its maximum capacity. The beams pre-cracked to serviceability 
load had slightly larger strains compared to beams pre-cracked close to ultimate load 
capacity. This observation demonstrates that the loss in stiffness depends on the level of 
damage of the beam before being repaired. 
6) The positions of the neutral axes of the control and pre-cracked beams, confirmed that the 
beams were under-reinforced. As evidence that the repaired beams were stiffer than the 
control beams, the neutral axes of the repaired beams are located at a lower level than 
control beams. It is noted that as the width-to-thickness ratios of the steel plates increased 
the neutral axes shifted downwards, and the strains on the tension side decreased.  
7) The control beam failed by yielding of the tensile steel reinforcement and crushing of the 
concrete in the compression zone. Repaired beams of smaller width-to-thickness ratios 
failed by plate-end debonding whereas those of larger width-to-thickness ratios failed by 
delamination. A few beams, such as PB60-75, failed by combination of both plate end 
debonding and delamination.  
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